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Introduction 16
In plants, 21-to 24-nucleotide (nt), non-coding small RNAs (sRNAs) regulate many important biological 17 processes 1 . Plant and animal genomes encode various sRNAs that can be divided in two major 18 categories: microRNAs (miRNAs) and small interfering RNAs (siRNAs) 2 . miRNAs derived from long, 19 hairpin precursor RNAs processed by precise cleavage, yielding mature miRNAs which influence gene 20 transcript levels and translation 3 . Plant siRNAs also derive from long precursors that are made double-21 stranded by RNA-dependent RNA polymerases (RDRPs), are processed to siRNAs, and also regulate gene 22 transcript levels, through post-transcriptional silencing and epigenetically via RNA-directed DNA 23 methylation (RdDM) 4 . Some plant miRNAs trigger phased, secondary siRNAs (phasiRNAs), which are 24 either 21 or 24 nt in length [5] [6] [7] . Anthers, the plant male reproductive organ, are a particularly rich source 25 of miRNAs and phasiRNAs, particularly in grasses like maize 7 ; during the meiotic stage, they are 26 composed of cell layers that include the epidermis, endothecium, middle, and tapetum, that all 27 surround the pollen mother cells. In maize anthers, the abundance and distribution of miRNAs and 28 phasiRNAs varies in different cell layers 7 , and our interest in the spatial organization and concentration 29 of these sRNAs, particularly at the subcellular level, provided us a strong motivation to develop new 30 methods for fluorescent detection. 31 sRNAs are always on the move 8 , moving within and between organelles, from cell-to-cell, long distances 33 within an organism, and there is increasing interest in their functions across organismal boundaries, in 34 plant-pathogen interactions. For example, within a cell, sRNAs move between the nucleus and 35 cytoplasm, bind Argonaute (AGO) proteins, Dicing bodies (D-bodies), Cajal bodies (CBs), and may be 36 polysome-associated or found with organelles such as the endoplasmic reticulum 9-12 . Intercellular 37 movement of sRNAs, presumably via plasmodesmata in plants, regulates tissue and organ development 38 by silencing and regulating developmentally important genes 13 . Systemic translocation of sRNAs has 39 been demonstrated by epigenetic silencing across graft junctions and sRNA profiling of vasculature 8, 14 . 40
Remarkably, sRNAs also move between organisms at host-pathogen interfaces 15 . Pathogens, including 41 parasitic plants, regulate host defense responses via miRNAs and trans-species sRNAs, and vice versa 16 . 42
In animals, extracellular vesicles (EVs) transport miRNAs from cell-to-cell and over long-distances 17 . 43
Plant EVs are populated with miRNAs and fragments as small as 10 to 17 nt, the so-called tiny RNAs 2 . All 44 of these sRNAs vary in abundance from low to extremely high in abundance, as measured from 45 sequencing data, which typically utilizes gram quantities of plant tissue, substantially limiting spatial 46 analyses. And at the subcellular level, the localizations of these RNAs are not well-characterized. Thus, 47 future approaches to sRNA characterization will require nanometer resolution, high specificity, and both 48 multiplexing and quantitative capabilities. 49
50
For in situ hybridization of sRNAs, the use of locked nucleic acid (LNA) oligonucleotide probes has shown 51 specificity and high fidelity 18 . However, colorimetric and even fluorescent localization of sRNAs using 52 LNA-based methods are able to resolve only tissue-level localization patterns. Because of the limits of 53 light diffraction, lens-based microscopy cannot resolve spots below ~200 nm in diameter and 400 to 700 54 nm in axial length 19 . New techniques known as Photoactivated Localization Microscopy (PALM), 55
Structured Illumination microscopy (SIM), direct Stochastic Optical Reconstruction Microscopy 56 (dSTORM), and Points Accumulation for Imaging in Nanoscale Topography (PAINT) have been used to 57 drive microscopic detection beyond the diffraction limit, yielding so-called "super-resolution" 58 microspopy 19 . We have previously demonstrated an sRNA-FISH method combined with SIM and 59 dSTORM 20 . However, PALM and dSTORM utilize the blinking property of fluorescent dyes and rely on 60 specific excitation and buffer conditions to achieve proper imaging 21 . Photoswitching of the dye 61 molecule is hard to predict, which made absolute quantification difficult using these methods. The 62 number of dyes with the appropriate photoswitching properties within the visible spectrum is also a 63 limiting factor for multiplexed detection 21 . DNA-PAINT decouples the blinking events from dye 64 photophysics, using the binding and dwelling kinetics of a short dye-labeled oligonucleotide "imager 65 strand" to localize target-specific "docking strands" 22, 23 . The docking strand in DNA-PAINT is linked to an 66 antibody for single-molecule protein detection, with imager strands introduced by perfusion, one 67 imager strand at a time, each specific to a given docking strand and protein. After the image is acquired, 68 the imager strand is washed off and then the next imager strand is introduced 21 . As a result, a single dye 69 can be linked to different imager strands and applied for detection of numerous protein targets via use 70 of different imager strand-docking strand combinations. This multiplexing technique, known as 71 "Exchange-PAINT" has been used to in situ imaging of protein targets, such as microtubules and 72 mitochondria 23 , and in vitro profiling of miRNAs to a synthetic DNA origami 24 . 73 74 To achieve subcellular, nanometer resolution imaging for the localization and analysis of sRNAs, we 75 created a detection method called sRNA-PAINT. This method combines the high resolution and precise 76 quantification of DNA-PAINT with the efficiency and specificity of LNA-based in situ hybridization. We 77 created a probe design tool for our method and show that these sRNA-PAINT probes can used for robust 78 sRNA detection. And, we demonstrate that it can be combined with qPAINT to localize and quantify 79 distinct sRNAs in fixed biological sample and Exchange-PAINT for multiplexed target detection. 80
81
Results 82
sRNA-PAINT probe design 83
Most sRNA backbones are between 21 to 24 nt in length. To perform sRNA-PAINT, we designed a probe 84 that is composed of three sequences: the probe backbone sequence with LNA bases, the DNA-PAINT 85 docking strand sequence, and a linker sequence that connects those two (shown in Fig. 1 ). The probe 86 design is the most critical step of the sRNA-PAINT method, and therefore, we created an online tool 87 called VARNISH (Vetting & Analysis of RNA for in situ Hybridization probes) for automated design of 88 sRNA-PAINT probes (https://wasabi.ddpsc.org/~apps/varnish/). The tool requires the input of a target 89 sRNA sequence and the hybridization parameters (defaults provided), including sodium (50 mM) and 90 temperature (25°C). VARNISH first will reverse complement the sRNA sequence and will then chose 91 between 19-22 nt of the sequence such that the melting point temperature (Tm) is lower than 60°C, with 92 preference for lower Tm values for the longest sequence length. The melting temperature is calculated 93 by calling the "Analyze" function from the IDT web application program interface (API) 94 (https://www.idtdna.com/AnalyzerService/AnalyzerService.asmx). The final sequence is the probe 95 backbone ( Fig. 1, cyan) . Next, LNA bases and a linker sequence are introduced to the selected probe 96 backbone by VARNISH. The default linker sequence is "tattcgt", which has no match to the sRNA 97 sequences in miRbase, but this can be changed to any custom linker sequence. VARNISH introduces 98 between five and nine LNA bases (default is eight) and it avoids stretches of more than four LNA bases 99 and three or more Gs or Cs. The algorithm exhausts all the possible combinations of the positions for 100 LNA bases, and it calculates the approximate Tm using previously estimated Tm values for different LNAs 101 25 . Next, VARNISH takes the top 200 probe backbone candidates with the highest TM Tm and it calculates 102 the exact Tm using the IDT web API. The last step is adding the DNA-PAINT docking strand. In the 103 VARNISH tool, the docking strand can be either chosen from a drop down menu containing the 13 104 previously used docking strands 23 or the sequence can be entered manually in the VARNISH tool. The 105 software will conduct a homo-dimer and secondary structure analysis from all or a subset of the 13 106 provided docking strands in combination with the linker and the top 200 probe backbone candidates. 107
These two steps are performed by calling the "SelfDimer" and "UNAFoldRun" functions from the IDT 108 web API. Finally, the algorithm will choose the top 10 candidates for each docking stand with the highest 109
Tm and lowest ΔG for homo-dimer and secondary structure predictions. Once the computations are 110 complete, VARNISH will send an email with a link to an output page containing the 10 top probe 111 candidates and the ordering information for both the probes and their corresponding imager strands. 112 113 sRNA-PAINT detects cellular sRNAs at single molecule resolution 114 Figure 2a shows the general pipeline for sRNA-PAINT. First, the samples are fixed, embedded in paraffin, 115 and sectioned. Then, thin sections were layered onto coverslips with gold fiducials sealed with silicon 116 dioxide (SiO2); for this step, we highly recommend that no additional coatings are added, such as poly-l-117 lysine, since they resulted in non-specific binding. Next, during the hybridization process, probes are 118 applied to fixed and sectioned samples ( Fig. 2a ). Excess probes are washed off in the washing process. 119
Afterward, imager strands are perfused in. When the un-annealled imager strands drift within the 120 buffer, the speed of the movement is too fast to be caught on by the microscope. However, when an 121 imager strand finds its docking partner, and dwells on it, the short time period before the imager strand 122 dissociates from the docking creates a blinking event that can be detected using a super-resolution 123 microscope. As a result, when thousands of these blinks events are collected, detection of all the 124 docking sites within the sample is eventually completed, defining the locations of the sRNA targets. 125
126
For sRNA-PAINT probe labeling, we evaluated Alexa Fluor® 647 (AF 647), ATTO 665, and ATTO 488. The 127 AF647 dye resulted in the lowest levels of background binding in the negative control samples, whereas 128 ATTO 665 bound to paraffin-embedded plant tissue non-specifically, and ATTO 488 dye emission 129 wavelength overlaps with the strong autofluorescence that is typical of paraffin embedded plant tissue -130 thus we selected AF674 as the best label (data not shown). The sRNA probes designed by VARNISH were 131 hybridized and the coverslip was mounted in perfusion chamber. The corresponding, 3'-dye-labeled 132 imager strands were continuously perfused and imaging was conducted using total internal reflection 133 fluorescence (TIRF) microscopy. As a demonstration, we performed sRNA-PAINT on an abundant 24-nt 134 phasiRNA -a class of plant secondary siRNAs abundant in the early developmental stages of maize 135 anthers 7 (Fig. 1b) ; the 24-nt phasiRNAs are triggered by a miRNA, miR2275, providing us with two 136 different classes of small RNAs in one tissue. After the 1 st round of imaging, buffer was perfused into the 137 imaging chamber, and the signal was diminished rapidly within 1 min, suggesting that stripping off the 138 imager strand is very efficient. And then, sRNA-PAINT signal was re-achieved by re-applying the imager 139 strands ( Fig. 1a, b ). Different imager strands had no or very little non-specific binding, which is similar to 140 the original DNA-PAINT method 23 . The scrambled, control probe detected very little to no background 141 ( Supplementary Figure 1) , which showed that the imager strand does not bind non-specifically to the 142 plant tissue we used. Our sRNA-PAINT experiment was consistent with our previous findings that the 24-143 nt phasiRNA was present in all of the anther cell layers, and most abundant in the tapetum layer and 144 pollen mother cells 7 ; however, our, sRNA-PAINT approach achieved a much higher resolution of below 145 10 nm ( Fig. 1 c) . 146
147
Calculation of sRNA copy number with qPAINT 148 qPAINT can count molecules by analyzing the predictable and programmable binding kinetics of the 149 imager strand to the docking strand 22 . This quantitative method is based solely on binding kinetics, and 150 therefore, individual molecules do not need to be resolved. Picasso software is publicly available and 151 can perform this calculation for the binding sites within a selected region 21 . We selected a 3.18 µm (20 152 pixel) diameter circle in the cytoplasm to represent the copy number in the cytoplasmic region of each 153 cell in each layer, and we performed qPAINT using the same image in Figure 2b . After the count, we 154 calculated the number of binding sites in 63.25 µm 2 , which is roughly the area of the cytoplasm of cells 155 in our sections. As shown in Figure 3 , we detected 10.41 copies of 24-nt phasiRNA per selected region 156 per cell in epidermal cells, 11.04 copies in endothecial cells, 22.64 copies in middle layer cells, 72.68 157 copies in pollen mother cells, and most abundantly, 61.05 copies in tapetal cells. Pollen mother cells and 158 tapetum have a greater abundance of the 24-nt phasiRNA compared with the other cell layers. qPAINT, 159 in combination with sRNA-PAINT, allowed the detection of the exact copy number of sRNAs in cell 160 sections and the relative sRNA targets in the different cell layers. These data will be useful to ground-161 truth sequencing data, currently the predominant method of measuring sRNA. 162
163
Detection of miRNA and phasiRNA with sRNA-Exchange-PAINT 164 Sequential detection of sRNAs can be done by multiplex VARNISH probes with different docking strand 165 combinations. We name this technique sRNA-Exchange-PAINT, as a variation of the protein-focused, 166 multiplexed Exchange-PAINT method. For this analysis, we measured both miR2275 and the most 167 abundant 24-nt phasiRNA it triggers, again in maize anthers. As shown in the Figure 2b , the imager 168 strand used for miR2275 (P0*) and 24-nt phasiRNA (P1*) do not non-specifically bind to each other's 169 docking strand. Fixed sample were first perfused with P0* imager strand. After the image of miR2275 170 was acquired, buffer wash was performed to completely remove the P0* imager strand. And then 171 imager strand P1* was applied, and generated the image for 24-nt phasiRNA. Using traditional in situ 172 hybridization methods, miR2275 and 24-nt phasiRNA were thought to co-localize to each other in the 173 tapetum layer and pollen mother cells. Using sRNA-PAINT, which has the resolution limit down to 10 174 nm, we confirmed that they both localize to the tapetum layer and pollen mother cells ( Fig. 4 B) , but our 175 results show that they do not co-localize at the single molecule level ( Supplementary Fig. 2) . in situ hybridization of these two sRNAs showed that these two co-localize at tissue level in tapetal layer 206 and pollen mother cells, and, at the subcellular level mainly in the cytoplasm. However, at the molecular 207 level, we observed minimal colocalization because sRNA-PAINT has single molecule resolution. Co-208 localization of miR2275 and its phasiRNA at the molecular level would suggest that they physically 209 interact with each other or that their density is too high for the method to resolve individual target sRNA 210 molecules. Future plan includes generating an analysis pipeline for sRNA-PAINT co-localization that will 211 be most useful for sRNA-mRNA and sRNA-protein interactions, to examine outstanding questions in 212 sRNA biogenesis and processing. 213 214 A distinct advantage of sRNA-PAINT is that it is compatible with Exchange-PAINT, for multiplexing using 215 multiple docking strands that are linked to of the same fluorophore 23 . Our previously describe sRNA-216 FISH 20 is limited to only 2-3 targets, mainly due to the limited choices of antibody-based amplification 217 and fluorophore choice. sRNA-PAINT only requires the use of single fluorophore and therefore it is not 218 prone to differences in photophysical properties of different flourophores for different targets. Our 219 antibody-free method potentially can be massively multiplexed using numerous probes designed via 220 VARNISH to query many targets in the same sample. The Exchange-PAINT for protein targets predicts 221 that there should be hundreds of non-interacting docking sequences for multiplexing 23 , and our sRNA-222
Exchange-PAINT should have similar multiplexing potential. 223 224 Finally, our sRNA-PAINT method provides an alternative to conventional sRNA-FISH, as it is capable of 225 higher resolution, quantification, and multiplexing. All FISH-based methods are dependent on the actual 226 hybridization efficiency of the probes prior to imaging. The development of LNA technology increased 227 the specificity and efficiency of sRNA-FISH methods; future improvements in probes may provide 228 thorough yet specific labeling of target sRNAs that will benefit all FISH-based RNA detection methods, 229
including sRNA-PAINT. One strategy for increasing specificity is to use a split probe for detection of one 230 sRNA, such that each probe backbone will be 9-10 nt in length. By combining signals from both probe, 231 specific signal could be obtained for each target. Another drawback of the sRNA-PAINT method is that it 232 can only applied to fixed tissues or cells. Live-cell imaging, especially aptamer-based sensor imaging for 233 The in situ hybridization step was performed following our previously-published protocol 20 . Briefly, 257 samples were de-paraffinized using Histo-Clear (item 50-899-90147; Fisher Scientific, Pittsburgh, PA) and 258 re-hydrated by going through an ethanol series of 95, 80, 70, 50, 30, 10% (vol/vol) and water (1 min) at 259 room temperature. Then samples were treated with protease (item P5147; Sigma-Aldrich, St. Louis, MO) 260 for 20 min at 37°C. Excess formaldehyde background was removed by treating samples with 0.2% 261 glycine (item G8898; Sigma-Aldrich) for 20 min. After two washes in 1xPBS buffer (phosphate-buffered 262 saline), samples were de-hydrated by going through an ethanol series of 10, 30, 50, 70, 80, 95%, and 263 100% (vol/vol). Hybridization was done with 10 uM probe at 53.3°C in a hybridization oven. After 264 hybridization, samples were washed twice with 0.2x SSC buffer (saline-sodium citrate). Sample were 265 then washed in 1x BPS buffer for 10 min. Hybridized samples can be kept in 1xPBS at 4°C until imaging. Each image was analyzed in Zen software (Carl Zeiss). The images were processed using the same 284 parameters, which are listed below: Ignore overlapping molecules; Peak Mask Size (6); Peak Intensity to 285 Noise (6.0); Fit model (x,y 2D Gauss Fit). Drift correction was done by using fiducial-based algorithm. For 286 image rendering, pixel resolution was set to 16 nm/pixel and 2 nm/pixel for zoomed in images with 1x 287 PSF (point spread function) expansion factor. 288 289 qPAINT data analysis. 290 qPAINT data analysis was done following the protocol by Schnitzbauer et al. 21 using the Picasso 291 software package. In brief, 8000 fames of the raw movie file of PAINT data were processed with 292 "Picasso: Localize". We adjusted the threshold until only the PAINT spots were detected and selected. 293
After "Localize (Identify & Fit)", a .hdf5 file was generated and this was used as the input for the next 294 module. The .hdf5 file was opened in "Picasso: Render", and marker-based drift correction or redundant 295 cross-correlative drift correction was performed. A 20 pixel diameter region of interest in the cytoplasm 296 of each anther cell layer was picked by using "Tools: Pick". and 1754097. We thank members of the Meyers and Caplan labs for help and support. We thank 317
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Figure legends
The imager strand is conjugated to the fluorophore, and it will find its corresponding docking strand 392 during the imaging process. An sRNA-PAINT probe is composed of three parts: a probe backbone (cyan) that is complementary to the target sRNA (orange), a docking strand (green) and a linker sequence (dark blue) connecting them. The imager strand is conjugated to the fluorophore, and it will find its corresponding docking strand during the imaging process. Figure 2 . sRNA-PAINT on a 24 nt-phasiRNA in an early-stage maize anther. a. A work flow of sRNA-PAINT. Sample were fixed and embedded, and a thin section is placed on the coverglass. During the hybridization process, the VARNISH probes will bind to sRNAs in the sample. b. an example of the sRNA-PAINT imaging process. In the first imaging step, imager strands are added to the probe-hybridized sample on the coverglass. After the image is acquired, the imager strands are washed off with a short buffer wash step. In the second imaging step, the signal can be re-detected when re-applying the imager strand to the sample. A non-specific imager stand was used as a negative control. c. Detection of a 24-nt phasiRNA in a cross-section of maize anther. The sRNA-PAINT signal was detected in all cell layers but it is most abundant in the tapetal layer and pollen mother cells. c. Zoomed images of boxes 1 and 2 in panel b. There are more 24-nt phasiRNA localization events in the pollen mother cells (box 1) compared to the epidermal and endothecium layers (box 2). The dotted line (light blue) marks the division between the epidermal (above the line) and endothecium layers (below the line). Expanded boxed areas (white) show representative areas at higher magnification. A red-to-white lookup table was used to display low-to-high intensity values. 
